Abstract: In this paper, we propose and experimentally demonstrate a millimeter-wave (mm-wave) system at 75 GHz with discrete Fourier transform spread (DFT-S) orthogonal frequency-division multiplexing (OFDM) signal transmission. The baseband signal is modulated by a directly modulated laser at the transmitter, and the mm-wave signal is converted to a lower frequency one by an envelope detector at the receiver. The intrasymbol frequencydomain averaging (ISFA) is used for channel estimation and a Volterra nonlinear equalizer is adopted to mitigate the nonlinearity caused by signal-signal beat interference. In this system, a 2-Gbd 16-ary quadrature amplitude modulation (QAM) DFT-S OFDM signal is delivered over 4-m wireless link under the bit error ratio of 3.8 × 10 −3 . Our experimental results show that the ISFA and the Volterra nonlinear equalizer can improve the system performance by about 2-dB and 1-dB receiving sensitivity, respectively. This is the first time the Volterra nonlinear equalizer has been used in a W-band mm-wave system to improve wireless transmission performance.
Introduction
With the increasing demand for higher transmission data rate and capacity of wired and wireless communications, broadband and mobility are the two inevitable trends of the future networks. Fiberwireless technology, combining the advantages of broadband (optical communication) and mobility (wireless communication), can achieve roam and broadband communication [1] - [4] . The E-band (60∼90 GHz) or W-band (75-110 GHz) millimeter wave (mm-wave) band, with wider bandwidth and higher frequency, has attracted a great deal of research interest to provide multi-gigabit wireless delivery in recent years [5] - [8] . Meanwhile, the orthogonal frequency division multiplexing (OFDM) signal, with high-order modulation formats such as quadrature amplitude modulation (QAM), has been widely utilized in the fiber-wireless technology to improve spectral efficiency and resist the multipath fading in wireless communications [9] - [11] . In the fiber-wireless system, a simple and cost-effective photonic technique in mm-wave generation is remote heterodyning [12] - [15] . The remote heterodyning is realized by the beating of two free-running lightwaves in a photodiode (PD). One lightwave is modulated by baseband signal and the other one is unmodulated. At the transmitter, most of the optical links consist of two external cavity lasers (ECLs) and an external modulator [12] - [15] . How to simplify the system and to realize cost-efficient operation is an important issue. As we know, directly-modulated laser (DML) has a small size, a small driving voltage and a low cost. Here, we demonstrate using one DML to realize baseband optical signal generation. At the receiver, it is one challenging job to convert the high frequency mm-wave into intermediate frequency or baseband signal. There are two main methods to realize signal down-conversion. One method is to use an additional electrical mixer driven by one high-frequency local oscillator (LO) [13] - [15] , and the other one is to use envelope detection [16] , [17] . Compared to the electrical mixer scheme, the envelope detection scheme is simpler and more cost-efficient. The transmitted signals in the previous [16] and [17] are both on-off keying (OOK) modulated, while signal-signal beat interference (SSBI) will be produced by the envelope detector after OFDM signal is down-converted. But no advanced digital signal processing (DSP) algorithms are employed to reduce SSBI in those earlier demonstrations reported by [16] and [17] .
In this paper, we propose and experimentally demonstrate mm-wave system at W-band with discrete Fourier transform spread (DFT-S) OFDM signal transmission. The mm-wave generation is realized by remote heterodyning. The baseband OFDM signal is modulated by one DML at the transmitter and the mm-wave signal is converted to a lower frequency one by a square-law envelope detector at the receiver. Some advanced DSP algorithms are employed to improve the system performance including DFT-S, intra-symbol frequency-domain averaging (ISFA), and Volterra nonlinear equalizer. DFT-S is used to reduce peak-to-average power ratio (PAPR), the ISFA is used for channel estimation, and a Volterra nonlinear equalizer is utilized to mitigate the nonlinearity caused by SSBI. In this system, a 2-Gbaud 16QAM signal is delivered over 4-m wireless link under the BER of 3.8 × 10 −3 . Our experimental results show that the system can work properly. The ISFA and the Volterra nonlinear equalizer can improve the system performance by about 2-dB and 1-dB receiving sensitivity, respectively. To our knowledge this is the first time to use this jointed DSP algorithms in a ∼75-GHz mm-wave wireless system to improve the system performance. Fig. 1 shows the principle of our proposed mm-wave system at W-band with OFDM signal transmission. At the transmitter, a DML with lightwave at λ 1 is driven by the electrical 16QAM DFT-S OFDM signal. The DFT-S is utilized to reduce the PAPR in OFDM transmission [18] . Then, the optical 16QAM-OFDM signal is coupled with a continuous-wavelength (CW) lightwave at λ 2 in an optical coupler (OC). The CW lightwave is generated from an ECL. The schematic optical spectrum after the OC is shown in Fig. 1(a) . The baseband 16QAM-OFDM signal is converted into an mm-wave signal after the heterodyne beating between two optical lightwaves. The generated 16QAM-OFDM mm-wave signal has a frequency of f RF , which can be calculated by f RF = c|1 /λ 1 − 1 /λ 2 | (where the c represents the velocity of lightwave). The SSBI at low frequency will be produced by the heterodyne beating due to the rule of the square-law PD. Inset (b) in Fig. 1 shows the schematic electrical spectrum of the generated mm-wave signal. After passing through a W-band electrical amplifier (EA), the low frequency part including the SSBI can be filtered. The spectrum before the envelope detector is shown in Fig. 1(c) . The mm-wave signal is converted into the baseband 16QAM-OFDM signal in the square-law envelope detector. According to the rule of the square-law envelope detector, the SSBI will be produced by beating between the OFDM subcarriers. Fig. 1(d) shows the schematic spectrum of the generated baseband signal after the envelope detector.
Principle of the mm-Wave Fiber-Wireless System
The DFT-S OFDM is utilized to reduce the PAPR in OFDM transmission [18] . Fig. 2 shows the principle of the DFT-S OFDM generation and recovery. Compared with the conventional OFDM, the DFT-S OFDM scheme contain one more DFT operation in the signal modulation and one more IDFT in the signal demodulation. The DFT-S makes the OFDM signal similar to single carrier signal with a lower PAPR.
The baseband DSP algorithms are carried out offline. The ISFA can improve the accuracy of channel estimation by suppressing the in-band noise [19] . The frequency response of channel H is usually obtained by the training sequence in the OFDM systems. The kth subcarrier frequency response value after the ISFA is the average of (2m + 1) subcarrier frequency response values in H. The (2m + 1) subcarriers include m subcarriers before the kth subcarrier, the kth subcarrier and m subcarriers after the kth subcarrier. Value of (2m + 1) is the ISFA taps number. After the ISFA, the frequency response of channel can be calculated as
Where n max and n min represent the indexes of the maximum and minimum OFDM subcarriers, respectively. If n is larger than n max or smaller than n min , the value of H(n) is zero. The taps number of ISFA should be large to suppress noise, while the channel estimation will become inaccurate with the increase of the taps number, due to the reduce of correlations among the subcarriers. Thus, there is a tradeoff in choosing the ISFA taps number.
To mitigate the nonlinearity caused by the SSBI, a Volterra nonlinear compensation referred to [20] , [21] is used. The Volterra nonlinear compensation includes two adaptive finite impulse response (FIR) filters. One filter is designed to eliminate the linear noise in OFDM signal and the other one is designed to eliminate the nonlinear part. The equalizer can be described as
Where x and y represent the input and output, respectively. N is the taps number of the digital equalizer. c k and c l,k represent the weights of linear and nonlinear filters, respectively. In the paper, the OFDM signal transmitted is a real valued signal. The real valued OFDM signal is realized by complex conjugation operation before the IFFT process in transmitter. This OFDM modulation is also known as Discrete Multi-Tone (DMT) [22] , [23] . Thus the x, y, c k and c l,k are all real value. The weights are obtained by least mean squares (LMS) algorithm, which is different from [20] . The weights for adaptive updating LMS are given by
Where ε i represents the error, and d i is expected output. μ c and μ h are the step sizes for linear weights and nonlinear weights, respectively.
Experimental Setup for the mm-Wave Fiber-Wireless System
The experimental setup for the OFDM mm-wave system at W-band is shown in Fig. 3 . At the transmitter, the OFDM signal is generated offline with a MATLAB program. In the OFDM modulation, 100 data subcarriers mapped with 16QAM format are processed by FFT. The 100 points data expand into 200 points data after the complex conjugation operation. The 200 points data are conjugated symmetrical so that the values of the OFDM subcarriers after inverse fast Fourier transform (IFFT) are real. The IFFT size is 256. The first point is set to zero for DC-bias and another 55 null points are added at the edges for oversampling. A cyclic prefix (CP) with the length of 32 is applied. A training sequence is inserted at the front of data frames in every 100 OFDM frames for time synchronization and channel estimation. A DML with the lightwave at 1549.995 nm is driven by the electrical 16QAM DFT-S OFDM signal. The electrical OFDM signal is generated by an arbitrary waveform generator (AWG) with 4.2-GSa/s sampling rate and 2.1-GHz electrical bandwidth. Fig. 3(a) shows the output power of DML versus dc-bias. As shown in the Fig. 3(a) , there is a linear function between the output power of DML and the dc-bias when the dc-bias is about −0.9 V. The DML will be saturation when the biased signal power on DML is high enough. To avoid the saturation, the DML should work at the linear region in the Fig. 3(a) . The commercially available 10-GHz bandwidth DML (NLK1551SSC) is biased at −0.9 V and the optical output power of the DML is 2.26 mW. The driving voltage amplitude is 1.75 V. The 3-dB bandwidth of the DML is ∼20 GHz. The measured α-parameter is 2.7 and the κ-parameter is 6.3 GHz/mW [24] , [25] . The optical spectrum of the DML with the lightwave at 1549.995 nm is shown in Fig. 3(b) . The modulated optical signal is coupled in a polarizationmaintaining optical coupler (PM-OC) with one CW lightwave. The CW lightwave is generated from ECL at 1549.386 nm. The optical spectrum (0.01-nm resolution) of the generated signal after the optical coupler is shown in Fig. 3(b) , from which we can see that the frequency spacing between two optical signals is 75 GHz. After the PD, the baseband OFDM signal is up-converted into a 75-GHz mm-wave signal. Then, the OFDM signal is amplified by an electrical amplifier (EA) with 32-dB gain and 4-dBm saturation output power. The EA works at W-band. Next, the wireless OFDM signal is sent into free space by a cassegrain antenna (CA) with 50.8-dBi gain and 0.4-degree beamwidth. After 4-m wireless delivery, the OFDM signal at W-band is received by a CA and amplified by an EA. The CA and EA at the receiver are both the same as those at the transmitter. Then, the 75-GHz mm-wave is down-converted with a square-law envelope detector. A baseband signal obtained after the down-conversion is amplified in a DC-40 GHz amplifier with 35-dB gain and 22-dBm saturation power. The real-time digital oscilloscope (OSC) performing analog-to-digital conversion has 50-GSa/s sampling rate and 16-GHz electrical bandwidth. Next, the baseband DSP algorithms are carried out offline for BER calculation. Fig. 3(c) shows the spectrum of the captured OFDM signal.
Experimental Results
The channel responses of the subcarriers in OFDM signal are shown in Fig. 4 . A training sequence is inserted at the front of data frames in every 100 OFDM frames. The channel response curves obtained by training sequences in different frames are different, but in every 100 OFDM frames, we assume the channel responses of the OFDM frames are the same as the channel responses of the adjacent training sequence. Fig. 4 shows the channel responses in the first 100 OFDM frames. By suppressing the noise, the frequency response curves with the ISFA are relatively flat compared to the curves without the ISFA. There is a tradeoff in choosing the ISFA taps number. The taps number should be large for noise suppression while the taps number should not be too large for channel estimation accuracy. The BER measured in the system is the minimum when the ISFA tap number is 7. Thus, the optimal taps number in this experiment is 7. Fig. 5 shows the BER versus input power of the PD at different data rates and channel estimation. In the experiment, 1-Gbaud and 2-Gbaud 16QAM DFT-S OFDM signals are transmitted through 4-m wireless distance, respectively. The measured results show that the channel estimation with the ISFA can perform better in both data rates. By suppressing the in-band noise, the ISFA can improve the system performance by about 2-dB receiving sensitivity. The BER for 2-Gbaud OFDM signal transmission after 4-m wireless delivery with the ISFA can be below 3.8 × 10 −3 when the input power is −2-dBm. Fig. 6 shows the BER versus input power of the PD at different data rates and equalizers. As described above, 1-Gbaud and 2-Gbaud 16QAM DFT-S OFDM signals are transmitted through 4-m wireless distance, respectively. The ISFA is adopted in each case. The measured result shows that the nonlinear compensation performs well in both data rates. By mitigating the nonlinearity caused by the SSBI, the Volterra nonlinear equalizer can improve the system performance by about 1-dB receiving sensitivity. The BER for 2-Gbaud OFDM signal transmission after 4-m wireless delivery with the nonlinear equalizer can be below 3.8 × 10 −3 when the input power is −3.5-dBm. Inset (a) in Fig. 5 shows the captured 16QAM constellation for 2-Gbaud with a BER of 3.05 × 10 −3 and −3.5-dBm input power into PD.
Conclusion
We propose and experimentally demonstrate an mm-wave system at 75 GHz with 16QAM DFTspread OFDM signal transmission. With a DML and an envelope detector, a simpler and more costefficient mm-wave wireless transmission system is demonstrated. The ISFA and a Volterra nonlinear equalizer are adopted in signal recovery for the first time in mm-wave system. In this system, 1-Gbaud and 2-Gbaud 16QAM OFDM signals are delivered over 4-m wireless link under the BER of 3.8 × 10 −3 . Our experimental results show that the ISFA and the Volterra nonlinear equalizer can improve the system performance by about 2-dB and 1-dB receiving sensitivity, respectively.
